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Detection of static deformations and dynamic motions of suspended micromachined components, such as elements in micro-and nanoelectromechanical systems ͑MEMSs and NEMSs͒, is crucial for engineering and nano/ biotechnological fields. Two important applications are atomic force microscopy ͑AFM͒/scanning probe microscopies [1] [2] [3] ͑SPMs͒ and MEMS/NEMS-based chemical/ biological sensors. [4] [5] [6] [7] [8] For these applications, it is essential to detect the small deformations or resonant motions of suspended elements such as single-clamped cantilevers, doubleclamped bridges, and membranes. Characterization of these motions often requires simultaneous measurement of a linear displacement and two-dimensional ͑2D͒ angular tilts with a high enough bandwidth at any arbitrary position of the elements. Current methods detect either the linear displacement ͑e.g., laser interferometry, 9, 10 and capacitance measurement 11 ͒ or the angular displacement ͑e.g., laser beam deflection method 12 ͒. Over the years, the optical heads of compact-disk ͑CD͒ or digital-varsatile-disk ͑DVD͒ drives have been used to detect the vertical displacement with nanometer or subnanometer resolution. [13] [14] [15] [16] In this work, we demonstrate that the astigmatic mechanism adopted in most CD/DVD optical heads can also detect 2D angular tilts relative to the vertical direction. This allows the access of threedimensional ͑3D͒ motions of micromachined elements at any desired position. Our developed astigmatic detection scheme also possesses several remarkable features, such as high sensitivity, real-time measurements, dynamic measurements over a wide frequency range, and a small detecting spot size. These are useful for many scientific and engineering systems, such as SPMs, nanopositioning systems, 17 accelerometers, 18 levels, 3D profilometers, 19 etc. Figure 1͑a͒ illustrates a typical astigmatic system that can be found inside the CD/DVD optical heads. [20] [21] [22] A laser beam emitted from a laser diode is first collimated and then focused onto an object surface by an objective lens. The beam reflected from the surface is then directed back through the lenses and, after passing through an astigmatic element ͑such as a cylindrical lens͒, 23 impinges onto a photodetector integrated chip ͑PDIC͒. The center of the PDIC is a photosensor composed of four quadrant photoelements ͑A -D͒ with a current preamplifier for each of them. The astigmatic lens is a beam-shaping device. When the laser beam is perfectly focused on the object surface ͑defocus distance ⌬z =0͒, the light spot projected on the photosensor is circular, but when the surface is slightly higher or lower than the focus point, the light spot becomes more elongated, as shown in Fig. 1͑b͒ . This shape change can be detected with the focus error signal S FE , which is defined as ͑S A + S C ͒ − ͑S B + S D ͒, where S A ϳ S D are the preamplifier output voltages of the photoelements A -D, respectively. In the ideal case, S FE = 0 for a circular light spot ͑⌬z =0͒. Figure 1͑b͒ shows a typical S curve for the relationship of S FE versus the defocus distance of the object surface. Clearly, the S FE signal in the linear region can be used to measure the height and the linear displacement of an object surface along the optical axis ͑Z axis͒. [13] [14] [15] [16] In this work, an astigmatic detection system is constructed with a modified DVD optical head. We have measured linear motions of a mirror, whose displacement is simultaneously calibrated with a commercial interferometer. The root-mean-square noise of the S FE signal is determined to be 0.53 nm without any filter and 0.047 nm with a 10 kHz low-pass filter. Most importantly, this astigmatic detection system can also measure the 2D angular tilts of the object surface relative to the Z axis. A schematic for the tilting is illustrated in Fig. 2 . Our monitoring of the light spot on the photosensor reveals that the rotation of the object surface around an axis perpendicular to the Z axis, i.e., X or Y axis, leads to translation of the light spot but with little shape change. If rotation of the object surface around an axis can lead to translation of the light spot along the XЈ axis of the photosensor, we define such an axis as the X axis. Similarly, the Y axis can be defined. Thus, the angular change for rotation around the X axis may be detected with the angular signal S X , where S X = ͑S C + S D ͒ − ͑S A + S B ͒. Similarly, the angular signal S Y , defined as ͑S A + S D ͒ − ͑S B + S C ͒, may be used to detect the angular change around the Y axis.
To test whether the S X and S Y signals can detect pure angular changes, we design an experiment as shown in Fig.  3͑a͒ . An AFM cantilever is placed on a knife edge which is stationary relative to our astigmatic detection system. The base chip of the probe is moved up and down through actuation of a piezostack with a triangular wave at a frequency of 5 Hz. The peak-to-peak displacement of the base chip is 64 nm, as determined with a commercial interferometer ͑SP-S120, SIOS Meßtechnik GmbH͒. With the position of the cantilever directly on top of the knife edge, ideally, only angular changes of the cantilever without any vertical displacement should be detected. Measurements shown in Fig. 3͑b͒ do exhibit a significant change of ϳ400 rad in the S Y signal and only a very small vertical displacement of ϳ0.6 nm in S FE . We note that significant changes in both signals can be detected when the laser spot is focused at other locations of the cantilever. Similar results are obtained with the S FE and S X signals when our detection system is rotated 90°around the Z axis. These clearly indicate that the S X and S Y signals can be used to measure the change in the tilt angles of an object surface. The root-mean-square noise of the S X and S Y signals is 42 rad without any filter and 3.5 rad with a 10 kHz low-pass filter. Figure 4 shows the thermal noise spectra of an AFM cantilever measured with the S FE , S X , and S Y signals. The laser beam is focused on the main axis and near the free end of the cantilever. The peaks corresponding to thermal vibrations of the first and the second bending modes can be detected with both S FE and S Y signals. On the other hand, the peaks corresponding to thermal vibrations of the first and second torsional modes can be detected only with the S X signal. This is reasonable because the torsional modes involve only angular changes around the X axis with no height variation on the main axis of the cantilever. We note that the S FE signal can also detect the peaks of the torsional modes if the focused spot is shifted away from the main axis. These spectra also show that the noise levels between 1 and 800 kHz are ϳ1.3 pm Hz −1/2 for S FE and ϳ3.2 nrad Hz
for S X and S Y . These values are slightly worse than the noise level for the laser interferometry ͑10-100 fm Hz −1/2 ͒ ͑Refs. 9 and 10͒ and equivalent to that for the beam deflection method used in commercial AFMs ͑0.5-5 nrad Hz −1/2 ͒. The noise levels of our system are mainly limited by the electronic circuits for driving the laser diode and for the signal processing. We believe that they can be reduced further through improvement of the electronics, for example, modu- 4 . ͑Color online͒ Thermal noise spectra of an AFM cantilever. The cantilever is of the same type as that in Fig. 3 . The schematic of the measurement is shown in the inset. The cutoff frequency of our detection system is ϳ800 kHz, which is limited by the operational amplifiers we use to generate the three signals. The emitted laser power of our detection system is ϳ0.23 mW. The peaks marked with * are caused by interferences of our electronic systems, rather than by mechanical resonances of the object.
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Hwu et al. Appl. Phys. Lett. 91, 221908 ͑2007͒ lation of the laser power with a high-frequency signal, as demonstrated by Fukuma et al. 24 One important advantage of using the DVD optical head is that it can be operated over a wide frequency range. Typical commercial DVD optical heads can detect signals at a rate of over 60 MHz, and some systems can even reach beyond 260 MHz. 25 Operation at high frequencies is very desirable because it can increase the response speed of AFM and improve the sensitivity of the MEMS/NEMS-based chemical and biological sensors. To reach such high frequencies with our detection system, only some electronic components need to be replaced with high high-speed devices. Another advantage is that the focused spot size of DVD optical heads is only 0.64 m, thus the laser beam can easily be focused on any desired location of micron-sized elements to carry out dynamic measurements. In addition, DVD optical heads are small, compact, reliable, and of very low cost.
Ideally, the astigmatic detection system can be used to make quantitative measurement of the height and 2D tilt angles of an object surface over certain height and angular ranges. This will open many important applications in science and engineering. However, there is a certain degree of cross-talk between the height and the angular signals. As seen in Fig. 4 , the fundamental bending mode is also detected with S X due to a small coupling from the vertical displacement. This is mainly due to the fact that commercial DVD optical heads were originally designed for reading digital signals from optical disks, rather than for precision measurements. We believe that the cross-talk can be significantly reduced if the optical components of the astigmatic system are optimized for the precision measurements described above. In fact, the optimization varies with the applications. For instance, the 6 -8 m linear region for the S FE signal in DVD optical heads may be too small for many applications. The choice of an objective lens with a smaller numerical aperture can increase the linear region and improve the sensitivity in angular signals S X and S Y .
This astigmatic method can also be applied to detect motions of a macroobject as long as it has a region of reflective surface with low roughness or is attached with a flat mirror. In fact, there are several other designs 26, 27 for DVD optical heads which may also achieve high sensitivity in simultaneous measurement of the linear and angular displacements.
